In-situ aerosol data collected in the Arctic troposphere during a three-week period in 2004 were analysed. The measurements took place during late spring, i.e., at the time of the year when the characteristics of the aerosol distribution change from being accumulation-mode dominated to being primarily of the Aitken-mode type, a process that previously has been observed in the boundary layer. To address the question whether this transition is also detectable in the free troposphere of an aircraft-measured data from the ASTAR 2004 campaign were analysed. In this study, we present vertically as well as temporally results from both ground-based and airborne measurements of the total number concentrations of particles larger than 10 and 260 nm. Aircraft-measured size distributions of the aerosol ranging from 20 to 2200 nm have been evaluated with regard to conditions in the boundary layer as well as in the free troposphere. Furthermore an analysis of the volatile fraction of the aerosol population has been performed both for the integrated and size-distributed results. From these investigations we find that the transition takes place in the entire troposphere.
Introduction
The Arctic Study of Tropospheric Aerosol and Radiation (ASTAR) project is aimed at investigating the physico-chemical properties of the Arctic tropospheric aerosol by means of aircraft measurements. The goal of the program is to provide an observational data set for improving not only the assessment of the direct and indirect effects of aerosols on the Arctic radiative balance, but also the aerosol parameterisation in the regional climate model HIRHAM (Rinke et al., 1999; Treffeisen et al., 2005) .
The ASTAR 2004 campaign was conducted from day 139 to 158 (May 18-June 7) in 2004. This timing was chosen to make the measurements span the transition period of the boundarylayer Arctic aerosol between spring (frequent Arctic hazes) and * Corrisponding author. e-mail: anki@misu.su.se DOI: 10.1111/j. 1600-0889.2008.00348.x summer conditions (clean). It is known from long-term groundbased observations during this transition that a systematic change of aerosol properties occurs, a process that regularly takes place in a relatively short period during late spring (Bodhaine et al., 1981; Bodhaine, 1989; Sirois and Barrie, 1999; Quinn et al., 2002; Ström et al., 2003) .
Using continuous measurements encompassing a full year from the ground-based Zeppelin station near Ny-Ålesund on Svalbard, Ström et al. (2003) showed that the aerosol size undergoes a rapid (∼10 d) transition from being dominated by the accumulation mode to being primarily of the Aitken-mode variety. Corresponding transitions have been observed in the upper free troposphere (FT) in multiyear satellite-data records from the Stratospheric Aerosol Gas Experiment (SAGE) II and III (Treffeisen et al., 2006) , which showed instances of rapid change of the aerosol optical properties from spring to summer.
Six years of ground-based measurements from the Zeppelin station were evaluated by Engvall et al. (2008) with special focus on processes that could control this annual transition of aerosol properties. Their conclusion was that the changes in source strength and transport are important for the annual variations of the aerosol properties, but these alone could not explain the observed rapid transition. Instead the increase of the solar radiance associated with the polar sunrise as well as a decreasing condensation sink (CS) with increasing cloudiness have been judged as having the potential to make new particles dominate the aerosol-distribution characteristics in summer-time.
The study by Engvall et al. (2007) was solely based on boundary-layer (BL) data, which raised the question whether the transition could be detected by aircraft in-situ observations above the BL. The previous study by Treffeisen et al. (2006) , based on remote-sensing data averaged between 60
• N and 80
• N, suggested that a transition also occurs at least in the upper FT.
In the present study, we address the question if a systematic change in aerosol microphysical properties also occurs in the FT, analogous the transition in the BL observed e.g. at the Zeppelin station. With the airborne measurements conducted during ASTAR 2004 it is feasible to cover a fairly large horisontal and vertical domain, but in general these observations are intermittent and of brief duration. Therefore, we will in this study combine the results from the airborne observations with the continuous long-term measurements at the Zeppelin station, this in order to if possible, examine the aerosol microphysical properties in a seasonal context. Consequently, we will here present the results of the airborne aerosol observations and link these to the transition.
Instrumentation

Airborne instrumentation
The scientific payload was flown on board a Dornier 228-200 aircraft (Polar 4) operated by the Alfred Wegener Institute (AWI), Germany, cf. Garbrecht et al. (2006) . This twin-engine turboprop has an altitude ceiling of approximately 7.5 km and an endurance of 3.5 h with the ASTAR 2004 payload mounted. With a typical cruising speed of 75 ms −1 , this implied an operational range of around 400 km from the campaign base at Longyearbyen airport, Svalbard. In total 63 flight hours during 19 missions were logged during the campaign.
For this investigation we used instrumentation from the Atmospheric Science Unit at the Department of Applied Environmental Science (ITM), Stockholm University and from the Institute of Atmospheric Physics at the German Aerospace Centre (DLR). This instrumentation provided information on the microphysical properties of the aerosol in a size range from 4 to 3500 nm. A Condensation Particle Counter (CPC, TSI Inc. Model 3010) was used to obtain the total aerosol number density (N 10 ) for particles larger than 10 nm. The aerosol size distribution over the range between 20 and 2200 nm was derived from simultaneous measurements undertaken with a custom-made Differential Mobility Particle Sizer (DMPS) and an Optical Particle Counter (OPC, Grimm GmbH model 7.309). The DMPS is based on a Hauke-type Differential Mobility Analyzer (DMA), cf. Knutson and Whitby (1975) , coupled to a CPC TSI model 3010. The size range in which the DMPS was operated (20-250 nm) was divided into 15 bins, which resulted in a single size distribution being obtained every two and a half minutes. This device uses a closed-loop sheath air circulation system described by Jokinen and Mäkela, (1997) . The aerosol sample flow was 2 L min −1 , while the sheath airflow was 10 L min −1 . This yields a rather broad transfer function, which improves counting statistics during periods of low aerosol concentrations. For illustration, when the total number concentration was ∼100 cm −3 in the size classes close to the mode of the size distribution, the uncertainties arising from the counting statistics are smaller than 5% (one standard deviation).
The aerosol sample flow to the OPC was 2 L min −1 . The OPC sized particles from 260 to 2200 nm in 12 bins at 1 Hz by inverting the scattered light into particle sizes. The total number concentration (N 260 ) measured by this instrument covers part of the accumulation-mode particles. For a composite aerosol size distribution, OPC data were averaged and merged with DMPS data.
The uncertainty in the particle number concentration measured by the CPC and OPC instruments depends on the counting statistics or Poisson statistics. One standard deviation is given by the square root of the number of particles counted during a sampling period. The counting error for the CPC is smaller than 1% for number concentrations above 100 cm −3 and less than 3% for concentrations above 10 cm −3 (10 s average), respectively. For the OPC, a grand average distribution was calculated, where the counting error was less than 6% for sizes smaller than 1000 nm.
Half of the sample flow downstream of the DMA was directed to a custom-built thermodenuder, where the aerosol was heated to 250
• C. Particles, remaining after heating the sample air, were counted using a CPC TSI model 3010. The temperature difference between the saturator and the condenser was increased for this CPC, resulting in a cut-off at 6 nm. The heating temperature of 250
• C was chosen to remove volatile and semi-volatile aerosols (e.g. sulphate, bisulphate and a large fraction of organics), which evaporate below 250
• C. This volatility differential mobility particle size system (V-DMPS) was used to determine the volatility and derive the mixing state of the aerosol. During the campaign one flight (on day 145) was carried out with the thermodenuder switched off and the data collected were used to obtain size-and altitude-dependent corrections for losses in the thermodenuder system, thus allowing us to compare data from heated and unheated size distributions.
Particles with a diameter between 0.31 and 31 μm were measured using a Forward Scattering Spectrometer Probe (FSSP-300) provided by the DLR, which was mounted on the wing of the aircraft. This instrument classifies particles in 31 bins according to their forward-scattering properties. The FSSP-300 was used in this study for discrimination of in-cloud segments (see further below) based on the number concentration of particles larger than approximately 3 μm (defined here as the total number of particles in the FSSP-300 channels 18-31). A detailed description of the FSSP-300 is given by (Baumgardner et al., 1992) . The uncertainty in these measurements is below than 1% for particles smaller than 2800 nm and less than 10% for particles smaller than 15 μm. There are probably some additional uncertainties associated with the choice of the refractive index, which may vary depending on source region and composition of the aerosol.
Aerosol particles were also measured with the DLR condensation particle size analyser (CPSA). This is a custom-build instrument designed to measure the size distribution of aerosol particles in the range from 4 to 21 nm with a high temporal resolution (Stein et al., 2001) . The instrument consists of four Butanol-operated condensation particle counter modules, where the minimum detectable particle sizes are controlled and monitored on the basis of the temperature difference between condenser and saturator. Particle-number concentrations are determined with a temporal resolution of 1 s, and are estimated to be accurate within a 5% error margin. During ASTAR 2004 two of the four CPSA modules were operated to determine the total number concentrations of particles larger than 4 and 13 nm, respectively. The two other channels were set behind thermodenuders operating at 125 and 250
• C, in order to determine the integrated relative fractions of volatile and non-volatile particles larger than 13 nm.
The inlet used was designed and constructed at Stockholm University. It consists of forward-facing near-isokinetic and backward-facing inlets. The former was used for measurements of aerosol number density and size distribution in the OPC size range 260-2200 nm. The rest of the instrumentation was connected to the backward-facing inlet. Although the design of the forward-facing inlet is based on purely theoretical considerations, the intercomparison measurements in the vicinity of Ny-Ålesund during aircraft fly-bys near the Zeppelin station demonstrated a very good agreement between 'airborne' and 'ground-based' size-distributions (not shown here), and thus we assume that no significant losses occur in the OPC measurement range. The backward-facing inlet consists of a 1/4 pipe of stainless steel. An identical inlet has previously been used during measurements from faster observational platforms. The sampling efficiency was tested in-flight from the DLR Falcon 20 jet aircraft (cf. Schröder and Ström, 1997) , where, with double the air speed, the inlet cut-off proved to be around 800 nm.
2.1.1. Airborne data processing. The Micro Pulse Lidar (MPL) operated by the Japanese National Institute for Polar Research (NIPR) often shows cloud tops at an altitude of around 2000 m in the vicinity of Ny-Ålesund (Shiobara et al., 2003) . In principle this feature could be used to demarcate the BL from the FT. It must, however, be kept in mind that the experimental flights took place within a radius of ∼300 km from Longyearbyen and that the Arctic atmosphere may have several stable layers, not least in the form of the surface inversions which frequently are found over the pack ice (Tjernström et al., 2004) .
Using the tropospheric thermal stratification with respect to the potential-temperature change with altitude, dθ/dz, data from each flight were divided into BL and FT parts, with dθ/dz = 0 as the delimitation between these layers. This level was determined from visual inspection of the data from each flight. The BL height was found to vary from ∼750 to ∼2250 m during the campaign, cf. Table 1 . It showed very little spatial variation during each flight, since these in general were made either over land or above the ocean. Based on this definition of the BL and FT we will investigate the temporal and spatial variations of the aerosolnumber concentrations and distributions.
Data from the FSSP-300 probe were analysed to determine the cloud and out-of-cloud segments of the flight paths. The cloud threshold was chosen semi-subjectively based on experience of how the instrument best distinguishes between background aerosol, haze and clouds. For the BL, this is set to 0.1 cm −3 , and for the FT to 0.05 cm −3 ; in both cases for particles larger than 3 μm.
The use of two different thresholds originates from flight observations and data evaluation. It was found that the criterion for clouds in the FT could be based to a lower threshold, because clouds here tend to be less dense and furthermore the contribution of coarse sea-salt aerosol to the concentrations of particles larger than 3 μm does not reach the FT to a large extent.
To avoid the influence of local emissions from Longyearbyen (the largest settlement on Svalbard of approximately 1700 inhabitants), data from flight segments within a sector from 78
• to 78.5
• N and 15
• to 16 • E were removed from the analysis. All concentration data shown in this study are normalized to standard temperature and pressure (STP): 273.15 K and 1013 hPa.
Ground-based measurements at the Zeppelin station
The Zeppelin station is located on Mount Zeppelin 474 m above sea level near the community of Ny-Ålesund, Svalbard. Given the elevated location, the effect of nearby particle sources such as Ny-Ålesund itself, sea spray, and resuspension of dust is strongly reduced. Effects from local atmospheric phenomena such as katabatic winds are also reduced.
The aerosol data from the Zeppelin station are provided by ITM at Stockholm University. The hourly averaged record includes the Zeppelin station total aerosol number density for particles larger than 10 nm obtained by a CPC TSI model 3010 as well as a size distribution that ranges from 20 to 630 nm. The latter observations are carried out in the same manner as in the aircraft, with, however, a longer (28 cm) Differential Mobility Analyser (DMA) and slightly different flows being used at the Zeppelin station. The aerosol sample flow is 1 L min −1 , while the sheath airflow is set to 5.5 L min −1 . This yields a rather broad transfer function, but improves counting statistics during periods of low aerosol loading. When the total number concentration is ∼100 cm −3 in the size classes representing the main mode, the error is less than 5% (one standard deviation). The mobility distribution measured by the DMA (both aircraft and ground-based measurements) is inverted to yield a number distribution assuming a Fuchs charge distribution (Wiedensohler, 1988) . Since the number concentration ranges over several orders of magnitude, the averages are calculated as geometric means.
In this study we use data in two size intervals (251-630 nm and 316-630 nm) from this system for comparisons with the airborne data.
Transport modelling
In order to investigate the origin and age of the air masses sampled during the campaign, atmospheric 'backward-transport' simulations were made using the Lagrangian particle dispersion model FLEXPART (Stohl and Thomson, 1999; Stohl et al., 2005 )-see http://zardoz.nilu.no/∼andreas/ASTAR/. The model was driven with 1
• resolution operational analysis data from the European Centre for Medium-range Weather Forecasts. The model calculates the trajectories of what is known as tracer particles using the mean winds interpolated from the analysis fields plus random motion representing turbulence and moist convection. Removal processes were not considered in the simulations.
Simulations were initiated at points along the flight tracks characterised by the aircraft changing its position by more than 0.2
• , or when it below 300 m changed its altitude by 50 m, below 1000 m × 150 m, below 3000 m × 200 m, and above 3000 m × 400 m.
The backward-mode output of FLEXPART is a potential emission sensitivity (PES) function. The word 'potential' indicates that this sensitivity is based on transport alone, neglecting removal processes that would reduce the sensitivity. The value of the PES function (in units of s kg −1 ) in a particular grid cell is proportional to the particle residence time in that cell. It is a measure of the simulated mixing ratio at the receptor that a source of unit strength (1 kg s −1 ) in this particular grid cell would produce. We inspected column-integrated PES values as well as the PES in a so-called footprint layer extending from the surface to a height of 100 m. The latter shows where an air mass was probably in contact with the surface and thus could have taken up emissions.
Folding (i.e. multiplying) the PES footprints with the emission flux densities of the species carbon monoxide (CO) in units of kg m −2 s −1 from an emission inventory (we used the EDGAR 3.2 fast-track inventory for the year 2000; see Olivier and Berdowski, 2001 ) yields potential source contribution (PSC) maps, which show the geographical distribution of contributing sources. Spatial integration finally gives the simulated mixing ratio at the receptor. Since the timing of the emission input is also known from the backward simulations, the mixing ratio can be split into PSCs of different age with a 1-day resolution. For display purposes, we calculated the mean age of the CO PSC. Since the FLEXPART simulations extended back only 20 d, older contributions are ignored in this calculation.
Results
Here we will present airborne aerosol data and discuss their spatial and temporal variations. After removing in-cloud data (cf. Section 2) and influences from Longyearbyen, the final data set comprises 42 h of measurements covering the Arctic tropospheric column. Furthermore the aerosol data in terms of total numbers and size-distributions will be compared to the nonvolatile fraction of the aerosol population.
In Table 1 we present a summary for each flight including the maximum flight level, the geographical area covered by the flight, the BL height, the temperature of the heater, etc. 
Representativeness of the airborne and ground-based measurements
To evaluate how well aircraft data from all flights are capturing the trend based on the continuous BL observations at the Zeppelin station, the temporal evolution of N 260 from the aircraft is compared with that of hourly-averaged DMPS data from the Zeppelin station. The number densities of (251-630 nm)-and (316-630 nm)-particles as well as the airborne values of N 260 are shown in Fig. 1a . Note that the aircraft data have been obtained using an OPC and the Zeppelin data from the DMPS system. The N 10 values observed from the aircraft are graphed together with hourly total particle concentrations (particles larger than 10 nm) from the Zeppelin station, Fig. 1b . Although smaller particles show a larger variation since they in general have shorter lifetimes than the larger particles, the airborne BL data remain within the variability limits of the ground-based continuous observations.
Even though the instrumentation, the observation and the sampling times differ between aircraft and ground measurements, the trends of the ground-based data are captured by the airborne BL observations. This nicely illustrates how well the long-term measurements from the Zeppelin station represent Svalbard and the surrounding Arctic region. Despite the intermittent airborne observations (on average three flights in 4 d), the temporal evolution of the aerosol properties is captured.
In Figs. 1c and d the airborne data from the BL are compared to those from the FT. Except during three flights in the beginning of the campaign the airborne N 260 concentrations have a larger geometric-mean concentration in the FT compared to the conditions in the BL. Analogously the N 10 particle concentrations in the FT have a geometric-mean concentration larger than that in the BL, except during a few flights.
The Arctic aerosol transition from spring to summer
The emissions giving rise to Arctic haze are most intensive during the period from March to May (Quinn et al., 2007) . Figure 2a shows the time evolution from spring to summer of the condensable sink (CS) based on measurements of the accumulation-mode particles (which dominate the size distribution during the haze period). A decreasing trend from April to June, which accompanies the annual variation of the accumulation-mode particles (Ström et al., 2003) , is in clear evidence. ASTAR 2004 took place during the later part of May, i.e. after the period characterised by the most intensive anthropogenic inputs to the Arctic atmosphere. (Actually the campaign encountered even less contaminated conditions than usual at this time of the year.) Despite these reservations the data may be regarded as representative of a polluted spring and a clean summer. But, as can been seen from To systematically investigate the changes of the aerosol characteristics, the campaign was divided into three periods using the criterion for when the transition took place in the BL proposed by Engvall et al. (2008) . This criterion is based on the equilibrium concentrations for which the production of H 2 SO 4 balances the sink of this vapour due to the pre-existing aerosol surface area, cf. Fig. 2b . This graph shows the ratio between the number of data points exceeding a prescribed threshold of H 2 SO 4 equilibrium concentration, divided by the total number of data points within one week time window. There is a clear shift from day 142 where the ratio increases and stays over 0.3, which then is defined as the transition between spring and summer. We refer to the above-mentioned study for more details concerning the derivation of this quantity. Here we will simply adopt this method for organising our data in three different periods. Application of this criterion to the data from the entire campaign (cf. Engvall et al., 2008) ultimately yielded that the transition took place between day 142 and 150.
On the basis on these results and the flight-days we divide the campaign into three periods; the pre-transition period (day 139-145, six flights), the transition period (day 147-151, seven flights), and the summer period (day 152-158, six flights).
Vertical characteristics of the number concentrations and size distributions
For a general picture of the Arctic aerosol and its vertical variation in the troposphere during the campaign we calculate the geometric mean (GM) and standard deviation (GSTD) of the N 10 and N 260 particles number densities. For each experimental period the concentrations are averaged over 100-m altitude bins through the entire tropospheric column from 0 to 7000 m, cf. Figs. 3a-f. The BL and the FT statistics are presented in Table 2 . The GM and GSTD of the N 10 concentrations do not show any noticeable differences in absolute numbers between the BL and FT during the three periods, cf. Table 2 . It should instead be underlined that during the campaign a clear shift took place in the variability characteristics of both the FT and BL data. In the FT during the pre-transition phase it is between 100 and 1500 cm −3 and decreases to 200-300 cm −3 during the transition and summer periods. Similar estimates for the BL yielded a variation between 100 and 1000 cm −3 during the pre-transition period and 20-4000 cm −3 during the transition and summer phases. During the latter periods enhanced particle concentrations (up to ∼7300 cm −3 ) appear in layers at diverse altitudes, which vary between each flight. In contrast, the pre-transition period shows a variability that is more-or-less equally distributed over all altitudes within the BL as well as the FT, and this holds true for each flight. The minimum as well as the maximum particle concentrations during the entire campaign were found in the summer period (BL: 19 and 7300 cm −3 ; FT: 113 and 6500 cm −3 ). Investigating the behaviour of the N 260 particle concentrations, cf. Figs. 3b, d and e, these appear to have similar GM and GSTD characteristics in the BL with during all three periods, cf. Table 2 . The FT, on the other hand, shows a larger variability with a weakly decreasing trend towards summer.
Beside the variation in the absolute number concentration of N 260 we note changes in the vertical structure of the concentrations during the three periods. Enhanced particle concentrations of up to ∼180 cm −3 were found in the FT during the pre-transition period. The summer period is characterised by layered structures with high particle concentrations of up to 40 cm −3 at altitudes between 2000 and 3500 m as well as from 5000 to 6000 m. This feature was found during all flights. Between these layers the variation is smaller, viz. 5-10 cm −3 . We note that these layers with enhanced concentrations do not show the large variations of the concentrations found in the pre-transition period; the summer variability is between 5 and 40 cm −3 compared to the pre-transition variability of up to 20-120 cm −3 . Summarising these results one finds changes in the structure of the variations of the aerosol number concentrations between the three constituent periods, cf. Figs. 3a-f. During the pre-transition phase, there is generally no specific difference in N 10 variability between the BL and the FT compared to the subsequent transition and summer periods, which show an enhanced variability in the BL compared to the FT. N 260 has a low variability in the BL for all periods, but during the pre-transition phase a large variability is found in the FT, which decreases towards summer. The Fig. 4 . Geometric means and standard deviations of the size distributions from the two independent DMPS and OPC systems (data corrected for STP). The DMPS range is from 20 to 250 nm and that of the OPC is from 260 to 2200 nm. Panels (a-c) show data in the BL, panels (d-f) data between the top of the BL to 3 km, and panels (g-i) show data between 3 and 7 km. Panels (a, d, g), (b, e, h) and (c, f, i) show pre-transition, transition and summer results, respectively. N 260 GM furthermore shows an increase with altitude in the summer period.
To obtain more information about the aerosol characteristics we investigate the size distributions of the aerosols determined by the airborne DMPS and OPC systems, cf. Figs. 4a-i. Since these have a coarse temporal resolution (150 s) due to the scanning time for each particle size, the amount of data from this system is more limited than that from the CPCs and the OPC operated at a frequency of 1 Hz. During the pre-transition period, all flights were performed with the DMPS system running. During the transition and summer periods 6 out of 7 and 2 out of 6 flights, respectively, had the DMPS system running. Based on Fig. 1 showing that the airborne data are reliable in a long-term context, we conclude that even though the flights with an operational DMPS system are fewer in the summer period, the amount of data obtained is still sufficient for this approach. As seen in Figs. 4a-i, the merged results from the DMPS (20-250 nm) and the OPC (260-2200 nm) are distinguished by a gap in the graph. The OPC-derived distributions are averages over 150 s for consistency with the scan time of the DMPS system.
The size-distribution data are presented for three vertical layers, one of which is the BL, Figs. 4a-c. The FT is divided into two layers: FT1 from the top of the BL to 3 km (Figs. 4d-f ) and FT2 from 3 to 7 km (Figs. 4g-i) .
Note that the upper part of the summer-period FT results is based on 9 scans compared to 30-100 for the other profiles. However, this result appears to be consistent with the vertical profiles, cf. Fig. 3c representing averaged data from six flights not least in view of Figs. 1a-d showing the reliability of the airborne data. Here it is well worth emphasizing that the airborne measurements from the boundary layer captured the temporal evolution of the aerosol properties as measured at the Zeppelin station, despite the intermittent character of the aerial surveys (on average 3 flights in 4 days).
For the FT as a whole, the integrated mean number densities of the size distributions (N DMPS ) during the three periods do not show any dramatic changes, cf. Table 2 . The values of N 10 together with these numbers suggest that about one third to one half of the particles are smaller than 20 nm.
By examining all size distributions within each period (not shown here) it is recognised that around 50% of all pre-transition size-distributions in the FT represent situations when Aitkenmode (∼50 nm) particles coexist with low concentrations of accumulation-mode particles (100-500 nm). This is a characteristic feature of an air mass dominated by condensation and coagulation of small and recently formed particles in the absence of larger accumulation-mode particles potentially serving as a sink and hereby inhibiting growth. From Figs. 4d-i it is recognised that during the pre-transition and transition phases the smallest particles show a larger variability than they do in summer. This indicates that during these periods recent particle formation has influenced the distribution. The summer period, on the other hand, shows an almost monomodal size distribution (∼100 nm), which indicates an aged air mass.
During the pre-transition and transition periods, the sizedistribution in the BL appears to have a larger variability for the small-size modes (20-50 nm) compared to those between 50 and 2200 nm. The summer period, on the other hand, shows a larger variability for particles between 20 and 30 nm compared to those between 30 and 250 nm. The summer size-distribution shows an overall larger BL variability of particle sizes around 100 nm compared to the two preceding periods. During the entire campaign the distributions in the BL manifest what is known as 'open' characteristics, i.e., there is a nucleation mode beyond the smallest size. The transition period also shows a bimodal distribution (30 and 200 nm), an indication that cloud-related processes have affected the aerosol.
In the BL the smaller particles dominate the size distribution during the pre-transition and transition periods. In contrast, the summer period is mainly monomodal with only 20% opentype size distributions. The latter are most likely related to the high near-surface variabilities characterising the vertical profiles, cf. Figs. 3d and e. The integrated BL size distributions for the three periods show a slight temporal decrease, cf. Table 2 . The values of N 10 together with these numbers suggest that during the campaign, around 40% of the particles were smaller than 20 nm.
To summarise these results it may be stated that the largest variations of the distributions pertain to the smallest size-bins and occur during the pre-transition and transition periods both in the BL and in the FT. In the course of the campaign conditions in the FT undergoes a transition from a distribution dominated by Aitken-mode particles to one predominantly monomodal (∼100 nm). This non-stationarity of the FT is also underlined by the observed shift in variability, which decreases from the pre-transition period to the summer period.
Mixing state of the aerosols
To obtain more information about the chemical properties of the aerosols we investigate the external mixing of the population by heating the aerosols to a temperature of 250
• C. By taking the ratio between the residual-and the total-particle numbers, the fraction of non-volatile particles is obtained, with the value 1 signifying that there are no volatile aerosols in the population. Note that we cannot tell if a particle has evaporated completely, but it will be considered as volatile if the remaining core is smaller than 6 nm, which corresponds to a reduction in volume of 97% for a 20 nm-particle (and even bigger reductions for larger-size particles). The data sets available for the investigation were from 4 of 6, 7 of 7, and 5 of 6 flights for the three periods. Furthermore the amount of data within each vertical profile is limited due to clouds; the pre-transition period only had one data profile above 6 km, the transition period three above 3.5 km, and the summer period two above 5 km.
To compare the three periods we graph the vertical profiles of the non-volatile fractions of N 13 particle concentrations, cf. Figs. 5a-c. When investigating all flights within each period, two interesting features emerged; the fraction of non-volatile aerosols increases with altitude, whereas the BL as well as FT variability decreases as the campaign proceeds, except in a layer between 1 and 2.5 km that shows a larger variability during summer compared to the two preceding periods.
The transition and summer periods show roughly similar mean fractions of non-volatile aerosol concentrations. We note that this mean fraction decreases with height, from being around 0.5 in the lowest 100 m to having a minimum of around 0.3 at an altitude of 1.5 km.
The large variability during the pre-transition period is due to the spread between the individual flight results. During the surveys performed on day 140 (when the N 260 data show enhanced concentrations, cf. Fig. 1a ) the anomalously high fraction of nonvolatile aerosols affects the mean value and the variability of the entire tropospheric column, cf. Fig. 5a . During the transition period the variability is seen to be smaller in the lower (below 3 km) part of the troposphere, compared to summer. The data discrepancies between 1 and 2.5 km during the summer period arise from one flight showing a mean fraction between 0.1 and 0.4, whereas the remaining five flights had a fraction ranging from 0.4 to 0.6 for the same altitude range, cf. Fig. 5c . Above 3 km the transition period is distinguished by a larger variability compared to the summer period (data based on three and two flights, respectively).
The lowest part of the BL, from the surface up to around 600 m, shows a fraction of non-volatile aerosol concentration which decreases by a factor of two from the pre-transition period to the summer period. This pronounced decrease may be caused by the loading of anthropogenic material into the Arctic during day 140, which exerted a substantial influence on the average result from the pre-transition period (cf. Fig. 1a) .
To investigate the size-dependence of the mixing state we used the 'heated' (250
• C) data from the V-DMPS system and assembled figures showing the mean fraction and the standard deviation of non-volatile particle concentration as a function of size (20-250 nm). The BL results and the two sets of FT results (FT1 from the top of the BL to 3 km; FT2 from 3 to 7 km) are shown in Figs 6a-c and d-f, respectively. Note that the data available for these calculations originate from the same flights, as do the results presented in Fig. 4 , that is, the summer period data are less representative than those from the pre-transition and transition periods.
From these diagrams it is recognized that the shapes of the distributions are generally similar for all three-altitude ranges during the whole campaign, that is, a small fraction (0.1-0.2) of non-volatile aerosol concentration over the smallest size range (20-30 nm) with an increasing fraction up to particle size 50 nm.
The transition period shows a bimodal distribution with modes at 50 and 190 nm in the BL and at 70 and 200 nm in FT1 (in FT2 the second mode is difficult to quantify since the distribution ends at 250 nm). The same bimodal structure is found in FT1 during the summer period, with modes at around 50 and 190 nm. During the pre-transition and transition periods the FT1 and FT2 distributions more-or-less coincide with each other, and the same holds true for the variabilities. During the transition period bimodal distributions are found in both the BL and FT2, which is also the case for the FT1 and FT2 results in summer. In the BL the mean fraction of non-volatile particle concentration decreases during the campaign and the variability shows larger fluctuations during summer compared to the preceding periods, which is consistent with the integrated results in Fig. 5 .
Our results concerning the non-volatile fractions of the aerosol populations may be summarised by noting that there are clear temporal and spatial differences between the three periods as regards the magnitude as well as the variability of the non-volatile fraction of the particles.
An interesting overall feature of the results in Figs. 6a-f is that the summer period differs significantly from the pre-transition and transition periods in that the average fraction of non-volatile aerosol concentration is considerably smaller in summer than during the preceding periods. The whole column shows an overall temporal decrease of the non-volatile fraction over the particle size range under consideration. The decrease is somewhat larger for the upper tropospheric layer (FT2) compared to the lower (FT1); the transition period clearly manifests this change between the two altitude ranges. We note that the integrated results presented in Fig. 5 did not show this trend as clearly as the size-resolved data did.
Discussion
For a more comprehensive understanding of the results reported above, these must be interpreted within a wider framework incorporating the larger-scale transports affecting the Arctic region. Hence some results concerning the estimated ages of the Arctic air masses encountered during ASTAR 2004 will be presented here.
Based on the FLEXPART transport analyses it was found that during the pre-transition period the air masses affecting the experimental region moved across Siberia and at the end of this phase were found in northern Scandinavia. Throughout the subsequent transition period this shift continued, with the source region moving gradually towards the Atlantic Ocean and Greenland. During summer the air masses affecting Svalbard were found to have northwesterly and northerly origins within the Arctic.
Using the FLEXPART CO PSCs (cf. Section 2), we calculated CO age along each flight path, that is, the contribution for each of the 20 d of CO at the receptor in relation to the total concentration, hereby giving us an estimate of the transport time of the air mass from a potential source region. After averaging all the data over 100-m layers as in Figs. 3 and 5, the results summarized in Figs. 7a-c were obtained.
Here it is seen that in the lower part of the troposphere, 0-3000 m, the mean age increases from being around 11 d during the pre-transition period to approximately 18 d in summer, whereas the variability decreases. The upper parts of the profiles, 3000-7000 m, show a more-or-less unchanged mean age of around 17 d during the entire campaign, while the associated variability increases. These results show that the FT air masses probably are affected by transport from distant areas, whereas the BL air masses having shorter residence times, except during the summer period when no striking differences between the FT and BL result are apparent.
The overall results of the present investigation support previous studies indicating that the Arctic FT is constituted by aged air masses (Yum and Hudson, 2001; Williams et al., 2002; Wylie and Hudson, 2002 ). This conclusion is given added weight by the results reported in Section 3 above, in particular those concerning the aerosol concentrations and the mixing state of the particle population. The aged Arctic air mass and the dearth of clouds in the FT make it possible for aerosols to grow without being washed out, and consequently they become more and more internally mixed. Hence the prominent feature of Fig. 5 that the fraction of non-volatile aerosols increases with altitude is consistent with the high-altitude air masses being aged. Furthermore, these air masses stood a reasonable chance of being influenced by more remote sources outside the Arctic, in agreement with the results summarised in Fig. 7 .
The results in Figs. 3b, d and f show enhanced N 260 concentrations, and furthermore a dominating monomodal size distribution (∼100 nm) is visible in Figs. 4f and i, indicating an old air mass in the absence of clouds. Note that also these results are consistent with the conclusion of the references quoted above.
During spring and summer, the Arctic troposphere is characterized by a low-altitude cloud cover as well as thin cirrus clouds in the upper troposphere. Since the latter remove fewer nuclei than the lower tropospheric clouds do, this results in a profile with few cloud condensation nuclei (CCN) in the lower troposphere and high concentrations near the tropopause. The BL is often topped by clouds which scavenge larger particles, a process that give rise to differences in the N 260 variability between the BL and FT. This feature is in clear evidence from Fig. 3f , cf. the conditions at an altitude of 2 km. The ageing process in the Arctic FT has been shown to have considerable implications for the formation of clouds. Based on airborne measurements in the Arctic troposphere during May 1998, Yum and Hudson (2001) as well as Wylie and Hudson (2002) showed that the concentrations of CCN increased with altitude over the Arctic Ocean. It was conjectured that the low percentage of liquid-phase clouds in the upper troposphere and the limited vertical mixing in the Arctic permit these increased CCN concentrations here.
The bimodal structures found in the size distributions of the mixing states (Figs. 6b,e and f) serve as an indication that the aerosol distribution results from a combination of different air masses. It has previously been shown (Jaeschke et al., 1997; Scheuer et al., 2003; Weber et al., 2003) that the transport of polluted air into the Arctic troposphere takes place in layers, which are from tens to hundreds of metres thick and have a horizontal extent of up to hundreds of kilometres. These can easily be distinguished from aircraft-measurement data in the form of the bimodal distributions seen in the abovementioned figures as well in the vertical profiles showing a layered structure of enhanced particle concentrations.
This layered structure is also found in the vertical particlenumber profiles obtained during the campaign, and, as seen in Figs. 3a-f, the one representing N 260 being somewhat less pronounced during summer than during the pre-transition period. A layered structure of SO 2 -polluted air masses has been reported from previous airborne studies in the Arctic during spring and summer, see for example, Jaeschke et al. (1997) .
The vertical profiles of the N 10 concentrations in the boundary layer indicate that from the pre-transition to the summer period their geometric means decreased from 529 to 328 cm −3 and the variabilities from 273-1024 to 132-861. These overall values pertaining to the entire boundary-layer column are somewhat inappropriate for the picture that emerges when single vertical profiles are examined. These tend to show that the maximum as well as minimum particle concentrations occurred during summer and in thin (∼100 m) layers, which are not adequately represented when averaging over the entire boundary layer or free tropospheric column. The fact that this feature is found in the lower part of the troposphere (where cloud processes reduce the accumulation-mode-particle surface area available as a sink for precursor gases) is associated with the competition between sinks and sources of precursor gases when new particles are being formed, cf. Engvall et al. (2008) .
Around 50% of the FT size distributions reported in Section 3 are dominated by the Aitken mode (∼50 nm); this is in full agreement with the results due to Garrett et al. (2002) , who found high Aitken-nuclei concentrations above cloud tops in the Arctic spring. The present study shows, however, a dominance of accumulation-mode particles in the FT during summer (Figs. 4f and i) and that these consist of a larger fraction of condensable material than those during the pre-transition and transition periods, cf. Figs. 6a-c. (We note that the integrated results presented in Fig. 5 did not show this trend as clearly as did the size-resolved data.) This is in agreement with the results obtained during previous airborne studies in the FT, which showed that most photochemically-produced gas-phase species condensed onto pre-existing aerosols Weber et al., 2003) .
Remote sensing (Treffeisen et al., 2005) shows an upper-FT change in aerosol extinction/colour ratios from spring to summer, indicating an aerosol transition. These authors further suggest that the seasonal changes observed in long-term ground-based measurements (Herber et al., 2002; Ström et al., 2003) are not limited to the boundary layer, but take place in the whole vertical tropospheric column, a result which is confirmed by this study based on airborne observations.
Summary and conclusions
In-situ aerosol data collected in the Arctic troposphere during a three-week period (day 139-158) 2004 were analysed. The measurements took place at the time of the year when the characteristics of the aerosol distribution change from being accumulationmode dominated to being primarily of the Aitken-mode type, a process that has previously been observed in the boundary layer. To address the question whether this transition is also detectable in the FT, an aircraft-measured data set from the ASTAR 2004 campaign was analysed. Based on these results the following conclusions deserve to be highlighted:
(1) The measurements show that the transition takes place in the entire tropospheric column, with, however, different characteristics in the BL and in the FT: In the BL the concentration of smaller particles (N 10 ) shows an increase of variability from the pre-transition phase to the transition and summer periods, whereas the N 260 concentration as well as variability remain stable over time. Above the BL, on the other hand, these latter particles show enhanced concentrations and variabilities during the entire campaign, with decreasing magnitudes and variability spans towards summer.
(2) Alterations of the vertical N 10 distribution during the campaign indicated that the tropospheric column underwent a change; the concentrations were more-or-less evenly distributed over all altitudes during the pre-transition period, but subsequently showed a more layered structure.
( 3) The 'open'-size distributions characterising the FT during the pre-transition and transition periods are followed by a monomodal distribution (100 nm) during summer. Results from the volatile-particle size distributions additionally indicate a larger fraction of vaporisable material during the summer period compared to the pre-transition and transition phases.
(4) The non-volatile fraction of the total-number concentrations increases with altitude, which indicates an aged aerosol in the upper part of the troposphere. This is probably due to cloud processes controlling the aerosol characteristics in the lower part of the troposphere, whereas the absence of clouds at higher levels gives rise to longer residence times of the aerosols in this zone.
(5) The results from transport analyses indicate that the age of the air masses below 3 km increased towards summer, from around 11 d initially to 17 d at the end of the campaign. Above 3 km the mean age of the air masses remains similar for all three periods, viz. 16-18 d.
(6) The airborne measurements from the boundary layer demonstrated that the temporal evolution of the aerosol properties is captured by the continuous measurements undertaken at the Zeppelin station, despite the intermittent character of the aerial surveys (on average three flights in 4 d).
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